Observation of room-temperature spontaneous phase segregation in overdoped 

Bi 2 Sr 2 CaCu 2 08 +i . single crystals 
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The occurrence and development of phase inhomogeneity in Bi2Sr2CaCu208+i single crystals have 
been investigated by measuring their superconducting transition patterns using a high-sensitivity 
ac magnetometer. We find that the overdoped F^S^CaC^Os+z single crystals, even if they 
were single-phased immediately after a high-temperature annealing process, show progressively pro- 
nounced multiple superconducting transitions with time as they were kept at room temperature in 
a dry air atmosphere. The results reveal that the oxygen dopants in the crystal are still mobile at 
room temperature. These dopants tend to re-arrange and thus form different phases, at a charac- 
teristic time scale of one or two weeks or so. Moreover, the diamagnetization loops in the newly 
segregated phase are very weak, presumably due to the existence of additional inhomogeneity down 
to a nanometer scale. Our results also show that the optimally doped BiaS^CaCtteOs+a crystals 
seem capable to remain in a single phase with time. 



That the cuprates are of a single phase at a given tem- 
perature and a carrier concentration is an essential as- 
sumption in the widely-used phase diagramsjjo based on 
which many experimental aspects in the normal and su- 
perconducting states have been correlated and discussed. 
However, it is often a primary difficulty to obtain sin- 
gle crystals with high structural perfection and doping 
uniformity, yet with large enough size suitable for man; 
experiments. Besides the electronic phase separation,tl 
chemical phases separation at mesoscopic or even larger 
scales, often related to the inhomogeneous distribution 
or domain formation of oxygen vacancies or dopants, 
also been observed in many families of the cuprates 
for examples, iii^a2Cu04 +x ,Q'l3iJ'Ej in lightly Sr-doped 
La2- a; Sr 2 ;Cu04,EJ in Nd2- x Ce 2; Cu04_ a ,E3 and in under- 
doped YBa2Cu307_ x where vacancy ordering domains of 
different types form at the chain layers .E^O Phase inho- 
mogeneity has also been observed in Bi2Sr2CaCu20s+i 
by low, tem perature scanning tunneling microscopic 
studies.tSEJ With all these observations, however, one 
still cannot rule out the possibility that the phase sepa- 
ration is an extrinsic effect, avoidable if the crystals are 
grown up and annealed properly. In this paper, through 
investigating the time evolution of the diamagnetization 
signal, we show that the oxygen dopants in originally 
single-phased overdoped Bi 2 Sr 2 CaCu208+i I ; single crys- 
tals tend to redistribute spontaneously at room temper- 
ature, which eventually and unavoidably leads to the oc- 
currence of phase separation and inhomogeneity in the 
titled compound. 

The Bi2Sr2CaCu208+x single crystals used in this ex- 
periment were proven to be of high structural quality 
and stoichiometric purity with the resolution limits of 
our X-ray diffraction and energy dispersion X-ray stud- 
ies. To further guarantee the uniformity of the crys- 
tal, only those tiny pieces of crystalline sheets (typically 



0.5 mm x 0.5 mm x 0.05 mm, ~ 10" 
ume) cleaved and cut from the center of larger uniform 
ones were used for investigation. Each crystal was care- 
fully annealed to maintain a certain and uniform level 
of overdoping. Then, its susceptibility was measured in 
a weak ac magnetic field (0.3 to 60 G) using a high- 
sensitivity vibration-sample magnetometer specially de=. 
signed for measuring sub-millimeter-sized specimens.EZI 
This magnetometer uses a double-synchronous detection 
technique, with a high-frequency ac magnetic field at 10 
kHz (at which the BiaS^CaCuaOg+x crystal is fully pen- 
etrated in the normal state), and a low- frequency vibra- 
tion of the sample at 4.4 Hz. It reaches a resolution of 
1 x 10~ 8 emu in susceptibility (or 3 x 10~ 10 emu in mag- 
netic moments) for a sample of volume 1 mm 3 in a field of 
30 G. With such a sensitivity we can resolve any minority 
superconducting phase whose total volume is as small as 
10~ 7 mm 3 , at the same time without suppressing the su- 
perconductivity. Our measurement on optimally doped 
Bi2Sr2CaCu208+a; crystals reveals a single sharp transi- 
tion (will be shown in Fig. 5), which proves the reliability 
of this home-made setup on the one hand and the high 
quality of the pristine crystals used in this experiment on 
the other hand. 

Figure 1 shows the superconducting transitions of two 
overdoped Bi 2 Sr2CaCu208+a; single crystals, samples #1 
and #1', measured immediately after an annealing treat- 
ment in O2 atmosphere at 550 °C for 52 hours. Sam- 
ple #1 is measured in the configuration of B±c, whereas 
sample #V is a small piece cut from sample #1, in order 
to be mounted into the quartz-tube sample holder in the 
B±ab configuration. The 10% to 90% transition width 
for sample #1' is ~ 1 K in a field of 0.6 G perpendicular 
to the ab-plane, which demonstrates that an overdoped 
crystal could be in a uniform single phase. 

For the case of B_Lc, the diamagnetization signal at 
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low temperatures reflects the nature-pf intrinsic Joseph- 
son couplings along the c-direction£3 To distinguish the 
transition regime from this Josephson coupling regime, 
we find it helpful to plot the data in a logarithmic scale 
(the inset of Fig. 1). In such a plot the temperature de- 
pendence of the susceptibility is very steep in the tran- 
sition regime but relatively "flat" in the Josephson cou- 
pling regime. The crossover between the two regimes 
takes place at ~ 82.5 K for sample #1. 

Although the overdoped crystals show a single super- 
conducting transition if measured immediately after an 
annealing treatment, multiple transitions at different lev- 
els are always seen after the crystals have been kept at 
room temperature for a period of time. In our experi- 
ment, nine overdoped crystals have been examined, seven 
of them eventually exhibited a multiple transition pat- 
tern, and two of them underwent significant broadening 
in transition width, after they have been stored for a cer- 
tain period of time. 

Figure 2 shows the time evolution of the transition 
pattern for sample #2. This crystal was annealed in O2 
atmosphere at 450 °C for 48 hours. It was afterwards 
kept at room temperature in a dry air environment as 
protected by silica gel, which is a common way of sam- 
ple storage in most of the laboratories. In a three-month 
period the susceptibility of the crystal in the B_Lc config- 
uration was measured for several times. From the panel 
(b) of Fig. 2 it can be seen that the 88 K phase grew up 
significantly with time, and reached ~ 10% in diamagne- 
tization at the end of the three-month period. 

The measurement performed in the BTab configura- 
tion on sample #2' (which is a small piece taken from 
sample #2 at the end of the three-month period) also 
revealed the formation of a very pronounced secondary 
phase, as shown in the panel (a) of Fig. 2. 

The growing up in volume of a higher-T c phase should 
reflect the change in local oxygen content and/or arrange- 
ment in the crystals. Only with such a mechanism can 
then the change be reversible, i.e., a single sharp tran- 
sition can be restored by high-temperature annealing — 
which was exactly the case for our crystals. Our results 
therefore reveal that the balanced oxygen content in over- 
doped Bi2Sr2CaCu208+2; is a function of the temperature 
and tbe oxygen partial pressure of the crystal's environ- 
ment. The nearly balanced oxygen content in a crys- 
tal, as maintained by high-temperature annealing in O2- 
atmosphere, must become over saturated as the crystal is 
cooled down to room temperature. Therefore, the oxygen 
dopants tend to redistribute and even to escape from the 
crystal, which finally creates the higher-T c phase. For 
this reason, the newly formed phase is likely near the 
edge of the crystals. It should occupy a substantially 
large volume, in order to cause an apparent diamagnetic 
signal of ~10% for sample #2, and up to ~ 50% for sam- 
pie #2'. 

The distinct multiple-transition pattern indicates the 
formation of two types of domains in the ab-plane of the 
crystal, each having a different oxygen content. The 



mechanism of forming such domains might be similar 
to that of the vacan cy ordering domains in underdoped 
YBa2Cu307_,5Jl3ll3 It has been shown through numeri- 
cal simulationsEj that an ordered distribution of oxygen 
vacancies commensurable with the lattice, i.e., forming 
some types of staging, is energetically more favored than 
a random distribution. 

A non-trivial mobility for the oxygen dopants at room 
temperature is another key factor for the occurrence of 
spontaneous phase separation. It has been shown in 
LagCuO^a that the oxygen mobility is linked to the 
lattice imperfections, e.g., .it is strongly enhanced by the 
presence of planar defects. Ej For Bi 2 Sr2CaCu208+a; sam- 
ples, the existence of incommensurate modulation along 
the b-axisEilE3 might in some way influence the oxygen 
mobility, which needs to be further studied. 

Figure 3 shows the field dependence of the transition 
pattern of sample #2' three months after the annealing, 
and sample #2 24 days after the annealing. Two transi- 
tions can be recognized in weak magnetic fields, one on- 
sets at ~ 81.6 K and the other above 86 K. The nucleating 
and growing up of the superconducting domains below 
86 K build up substantially large or enormous amount 
of diamagnetization loops in the ab-plane of the crystal. 
However, these loops are very weak, as they can be dras- 
tically suppressed by a field of ~ 1 Gauss, and almost 
washed out by a field of a few tens Gauss. Such a sensi- 
tive field dependence should come from a Josephson-like 
weak superconductivity, reflecting the existence of addi- 
tional inhomogeneity in the ab-plane of the newly-, segre- 
gated phase down to the coherence length scale. c3 

The diffusion process of the dopants to a lower-energy 
distribution is presumably driven by the thermal energy 
which is significantly lower at room temperature com- 
pared to that in high temperature annealing. This factor 
makes the diffusion process hardly completed, givn rise 
to the additional inhomogeneity in the ab-plane. This 
picture seems consistent with the recent observation of 
energy gap inhomogeneity at .nanometer scale using scan- 
ning tunneling microscopy.li§li3 With the best single crys- 
tals they obtained, Pan and co-workers found that the 
superconducting energy gap of Bi2Sr2CaCu20g-|-a; com- 
pound is inhomogenous from place to place down to the 
nanometer scale, though the lattice is highly perfect. 

Finally, Fig. 5 shows the transition patterns of two 
optimally doped Bi 2 Sr2CaCu208+a; crystals (the 88 K 
phase) 15 days (sample #3) and six months (sample 
#4) after being annealed in Ar atmosphere (600 °C, two 
weeks) . These crystals are from the same batch as sample 
#1 and #2. It seems that the tendency of spontaneous 
phase separation at room temperature is much insignifi- 
cant for optimally doped crystals, as their transition pat- 
tern remains nearly the same after the six months period, 
and shows no significant field dependence at a level of a 
few Gauss. It indicates that the oxygen dopants in op- 
timally doped crystals are near to a minimum energy 
distribution which is homogenous down to the coherence 
length scale. 



3 



Acknowledgments tional Science Foundation of China, and by the National 

Center for R & D of Superconductivity, China. 

One of us (LL) thanks H. H. Wen and S. H. Pan for 
helpful discussion. This work was supported by the Na- 



* Correspondence author, email: lilu@aphy.iphy.ac.cn. 

1 B. Batlogg and V. J. Emery, Nature 382 20 (1996). 

2 N. Nagaosa and P. A. Lee, Phys. Rev. B 45, 966 (1992). 

3 V.J. Emery and S.A. Kivelson, Physica C 209, 597 (1993); 
266, 44 (1996). 

4 J. Zaanen, J. Phys. Chem. Solids 59, 1769 (1998), and 
references therein. 

5 Phase Separation in Cuprate Superconductors, edited by 
K. A. Miller and G. Benedek (World Scientific, Singapore, 

1993) . 

6 Phase Separation in Cuprate Superconductors, edited by 
E. Sigmund and K. A. Miller (Springer- Verlag, Heidelberg, 

1994) . 

7 J. D. Jorgensen, et al, Phys. Rev. B 38,11 337 (1988). 

8 M. F. Hundley, et al, Phys. Rev. B 41, 4062 (1990). 

9 A. P. Reyes, et al, J. Phys. Chem. Solids 54, 1393 (1993). 

F.C. Chou and D.C. Johnston, Phys. Rev. B 54, 572 
(1996). 

1 J. H. Cho et al, Phys. Rev. Lett. 70, 222 (1993). 

2 E. F. Skelton, et al, Science 263, 1416 (1994). 

3 S. Amelinckx, et al, in Oxygen Disorder Effects in High- 
Tc Superconductors, edited by J. L. Moran-Lopez and I. 
K. Schuller (Plenum Press, New York, 1990). 

4 For a review see C. H. Chen, Chapter IV in "Physical 
Properties of High Temperature Superconductors II", ed. 



by D. M. Ginsberg, World Scientific, Singapore 1989. 

15 S. H. Pan, et al, Nature 413, 282 (2001). 

16 K. M. Lang, et al, Nature 415, 412 (2002). 

17 To be published elsewhere. 

18 R. Kleiner, et al, Phys. Rev. Lett. 68, 2394 (1992). 

19 C. Ambrosch-Draxl, P. A. Korzhavyi, and B. Johansson, 
Physica C 341-348, 1997 (2000). 

20 F. Arrouy et al, Phys. Rev. B 54, 7512 (1996). 

21 M. A. Subramanian, et al, Science 239, 1015 (1988). 

22 S. A. Sunshine, et al, Phys. Rev. B 38, 893 (1988). 

23 The sensitive field dependence of the transition pattern at 
a level of a few Gauss above 81.6 K is irrelevant to the 
irreversibility field Hi rr nor to the upper critical field H C 2, 
because these fields are at a much higher level. Nor should 
the phenomenon be mainly caused by the amplitude fluc- 
tuation of the order parameter, otherwise we could hardly 
explain why the whole transition of the higher-T c phase 
depends sensitively on the applied field. Also, the magne- 
tization of the higher-T c phase deduced from our suscep- 
tibility data does not follow the scaling law as expected 
for critical fluctuation (see Z. Tesanovic et al, Phys. Rev. 
Lett. 69, 3563 (1992); Q. Li, K. Shibutani, M. Suenage, et 
al, Phys. Rev. B 48, 9877 (1993)). 



4 



FIG. 1 : The superconducting transition pattern of overdoped 
Bi 2 Sr 2 CaCu2 08+i single crystals measured immediately after 
an annealing treatment in O2 atmosphere at 550 °C, showing 
a single and sharp transition. The inset is a semi-logarithmic 
plot of the data in the B_Lc configuration, which helps to 
distinguish the existence of any secondary superconducting 
phase in this configuration. Sample #1' is a small piece cut 
from sample #1. 



FIG. 2: The time-evolution transition patterns of overdoped 
Bi2Sr2CaCu2 08+i single crystals. A higher T c phase gradu- 
ally grows up as the crystals are kept at room temperature in 
a dry-air atmosphere. At the end of the three-month period, 
the newly segregated phase caused an apparent diamagneti- 
zation volume of ~ 10% for the case of B_Lc (panel (b)), and 
up to ~ 50% for B_Lab (panel (a)) at 82 K. 



FIG. 3: The field dependence of the multiple transitions of 
overdoped Bi 2 Sr 2 CaCu 2 08+a; single crystals. Panels (a) and 
(b) are the susceptibility in the B_Lab and B_Lc configurations, 
respectively. Panels (c) and (d) are the semi-logarithmic plots 
of the data in panels (a) and (b). Panels (e) and (f) displays 
the details of the onset-transition regions. 



FIG. 4: The transition patterns of two optimally doped 
crystals of Bi 2 Sr 2 CaCu2 08 15 days (sample #3) and six 
months (sample #4) after being annealed in Ar atmosphere 
at 600 °C Their transition patterns remain nearly the same, 
and shows no significant field dependence at a level of a few 
Gauss. 
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